The Lyme disease spirochete, Borrelia burgdorferi, is an extracellular microbe that causes persistent infection despite the development of strong immune responses against the bacterium. B. burgdorferi expresses several ligand-binding lipoproteins, including the decorin-binding proteins (Dbps) A and B, which may mediate attachment to decorin, a major component of the host extracellular matrix during murine infection. We show that B. burgdorferi was better protected in the joints and skin, two tissues with a higher decorin expression, than in the urinary bladder and heart, two tissues with a lower decorin expression, during chronic infection of wild-type mice. Targeted disruption of decorin alone completely abolished the protective niche in chronically infected decorin-deficient mice but did not affect the spirochete burden during early infection. The nature of protection appeared to be specific because the spirochetes with higher outer surface protein C expression were not protected while the protective niche seemed to favor the spirochetes with a higher dbpA expression during chronic infection. These data suggest that spirochetal DbpA may interact with host decorin during infection and such interactions could be a mechanism that B. burgdorferi uses to evade humoral immunity and establish chronic infection. Borrelia burgdorferi, the Lyme disease spirochete, causes persistent mammalian infection despite the development of vigorous immune responses against the pathogen.
Borrelia burgdorferi, the Lyme disease spirochete, causes persistent mammalian infection despite the development of vigorous immune responses against the pathogen.
1,2
This bacterium expresses lipoproteins to form an antigenic layer that protects itself from, and directly interacts with, the environment. 3 Lipoproteins may stimulate innate responses via Toll-like receptors 1 and 2, enhancing adaptive immune responses to B. burgdorferi. 4, 5 Antibodies to many lipoproteins such as outer surface proteins (Osp) A, B, and C and decorin-binding protein (Dbp) A can effectively protect the mammalian host from an initial B. burgdorferi infection, 6 -9 but none of them are able to clear an established infection. Little is known about how this extracellular bacterium survives in the extremely hostile environment of chronic mammalian infection after specific immune responses have developed.
A broad array of spirochetal surface lipoproteins have been shown in vitro to have interactions with mammalian host antigens. These include some of OspE-related lipoproteins (Erps) and BBA68 that acquire complement inhibitor factor H and/or factor H-like protein 1, 10 -12 DbpA and DbpB, [13] [14] [15] and the fibronectin-binding protein BBK32. 16, 17 Decorin and fibronectin are both major components of the host extracellular matrix (ECM). 18 In addition, at least two integral outer membrane proteins P66 and Bgp (Borrelia glycosaminoglycan-binding protein) have been identified as spirochetal adhesins that mediate interactions of B. burgdorferi with the ECM and host cells. 19 -23 Spirochetes in tissue specimens taken from infected mice and patients with Lyme disease are often associated with collagenous connective tissues and vessel walls. 24 -26 These tissues are rich in ECM components. B. burgdorferi could reside in the ECM during a persistent infection. The interactions of the spirochetes with the ECM, mediated by Dbps, BBK32, and others, may therefore play critical roles in the persistence of B. burgdorferi in tissues.
It has been speculated for decades that microbial pathogens may acquire host antigens to avoid immune clearance. DbpA is the best-characterized ligand-binding lipoprotein of B. burgdorferi. A recent study shows that a decorin deficiency reduces the susceptibility of laboratory mice to Lyme arthritis. 27 We used DbpA and decorin as a model system to explore the hypothesis that the interactions between a bacterial antigen and a host component may facilitate immune evasion.
Materials and Methods

Spirochete and Mouse Strains
B. burgdorferi B31 clone 5A11 28 (a gift from Steven Norris, University of Texas, Houston, TX) was cultivated in Barbour-Stoenner-Kelly H complete medium at 33°C (Sigma Chemical Co., St. Louis, MO). BALB/c wild-type mice (Dcn ϩ/ϩ ) and severe combined immunodeficient (SCID) mice on a BALB/c background were purchased from the Jackson Laboratories (Bar Harbor, ME). Decorin-deficient (Dcn Ϫ/Ϫ ) mice on a BALB/c background were generated as previously described. 27, 29 All mice were 4 to 8 weeks old when they were infected.
Mouse Inoculation with Cultured and Host-Adapted Spirochetes
Mice were given one single intradermal injection of 10 5 cultured spirochetes or inoculated with host-adapted spirochetes through a tissue transplant. Mice that were infected with cultured B. burgdorferi were sacrificed 2 months after infection. Urinary bladders, hearts, joints, and dorsal skins (not from the inoculation site) were harvested and immediately frozen in liquid nitrogen. Frozen samples were stored at Ϫ80°C until DNA and RNA were isolated.
To prepare host-adapted spirochetes, donor mice were infected with cultured spirochetes for 3 months. Ear punches were taken and used to quantify spirochete burdens by quantitative polymerase chain reaction (qPCR) as described below. Donor ears were cut into small pieces. Each piece that that was estimated to contain ϳ100 spirochetes was implanted into the dorsal skin of recipient mice as described previously. 30 The donor and recipient mouse strains were identical. Recipient mice were sacrificed either 2 weeks or 2 months after infection. Urinary bladders, hearts, joints, and skins were collected and stored as described above.
Anti-Borrelia Serum Preparation and Passive Immunization
To prepare anti-Borrelia sera, BALB/c mice were infected with cultured B31 5A11 spirochetes as described above. Blood was drawn between 2 and 4 months after infection and sera were isolated, pooled, and stored at Ϫ20°C. Ten SCID mice were infected with cultured spirochetes for 2 months as described above and each subcutaneously received six doses of 100-l anti-Borrelia sera at intervals of 2 days. All animals were sacrificed 3 days after the last passive immunization. Hearts, joints, and skins were collected and stored as described above.
RNA and DNA Preparation
Frozen bladder, heart, joint, and skin samples were transferred in liquid nitrogen and ground thoroughly with a mortar and pestle. An appropriate amount of ground tissue was transferred in a 500-l polypropylene PCR tube for DNA preparation using the DNeasy mini kit (Qiagen Inc., Valencia, CA). RNA was isolated from the remaining tissue using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA). To ensure that there was no DNA contamination, RNA preparations were first digested in solution with RNase-free DNase I (Life Technologies, Inc., Gaithersburg, MD) at 37°C for 2 hours; and then loaded to the RNeasy mini columns and further treated with RNase-free DNase I (Qiagen) for an additional 20 minutes at room temperature. Doubly digested samples were repurified and analyzed for potential DNA contamination by PCR amplification of the flaB gene.
cDNA Preparation
The DNA-free RNA preparation was first annealed with the reverse oligonucleotide primers of flaB, dbpA, ospC, decorin, and actin genes (Table 1) at 65°C, 60°C, 55°C, 50°C, and 45°C each for 1 minute, in the presence of reverse transcription buffer (Invitrogen). dNTPs and SuperScript II RNase H Ϫ reverse transcriptase (Invitrogen) Pellets were digested with proteinase K (Qiagen) at 55°C for 2 hours, inactivated at 95°C for 10 minutes, and diluted to 10 0 to 10 5 spirochete DNA copies/l. To generate an actin DNA concentration standard for cDNA and DNA quantification, primers (forward, 5Ј-TGAGCGGTTCCGGTGTCC-3Ј; reverse, 5Ј-CAGTGAG-GCCAGAATGGA-3Ј) were designed to amplify a 292-bp internal fragment of the actin gene by PCR using murine DNA as a template. To prepare a decorin DNA concentration standard for cDNA quantification, mouse cDNA was prepared as described above and PCR amplified to generate a 205-bp internal fragment of decorin cDNA using the primers (forward, 5Ј-GGACAAAGTGCCCT-GGGA-3Ј; reverse, 5Ј-GTCCTTCAGGTTCTTGAAGGC-3Ј). Taq polymerase was purchased from Roche Diagnostics Co. (Indianapolis, IN) . The PCR conditions used were: 95°C for 5 minutes; 95°C for 40 seconds, 50°C for 1 minute, 72°C for 40 seconds, 50 cycles; 72°C for 10 minutes. PCR products were purified using the Quick PCR Product Purification kit (Qiagen). Purity was examined by agarose gel electrophoresis. DNA concentrations were determined by measuring the optical density at 260-nm wavelength, converted to copy number, and diluted at 10 2 to 10 7 DNA copies/l. qPCR qPCR analyses were performed using the iCycler (BioRad Laboratories, Hercules, CA). The Platinum TaqDNA Polymerase High Fidelity kit was purchased from Invitrogen. The sequences of primers and internal probes of flaB, dbpA, ospC, decorin, and actin genes were listed in Table 1 . TaqMan TAMRA probes were ordered from Applied Biosystems (Foster City, CA 
Results
B. burgdorferi Is Better Protected Against Immune Clearance in the Joints and Skin than the Bladder and Heart
To define a protective niche for B. burgdorferi to resist immune clearance, the tissue spirochete burden was first investigated in infected SCID mice. Ten SCID mice were infected with cultured B. burgdorferi for 2 months and sacrificed. DNA samples were prepared from the urinary bladder, heart, joints, and skin and quantified for the tissue spirochete burden. These tissues were investigated for different reasons: the bladder has been shown to be a consistent source of B. burgdorferi and the skin is the most commonly examined biopsy site because it represents the tissue of initial entry. Finally, both the heart and joints are major sites of inflammation in the murine model of Lyme disease. The highest spirochete burden was detected in the heart, which was 48%, 123%, and 210% higher than the joints (P ϭ 0.01), skin (P ϭ 6.9 ϫ 10 Ϫ6 ), and bladder (P ϭ 1.7 ϫ 10 Ϫ7 ), respectively ( Figure  1A ). The second highest spirochete burden was found in the joints, which was 34% and 52% higher than in the skin (P ϭ 0.05) and bladder (P ϭ 0.004), respectively. There was no significant difference in the spirochetal burden between the skin and bladder tissues (P ϭ 0.12).
We next examined the spirochete burden in wild-type mice infected in a similar manner. The tissue spirochete burden analysis revealed that the joint and skin tissues provided the better protection for B. burgdorferi to resist immune clearance ( Figure 1B) . The spirochete burden in the joint tissue was 5.4 and 7.0 times higher than those of heart (P ϭ 5.9 ϫ 10 Ϫ4 ) and bladder tissues (P ϭ 9.5 ϫ 10 Ϫ4 ), respectively; and the skin bacterial burden was 6.0 and 4.6 times higher than those of the heart (P ϭ 1.6 ϫ 10 Ϫ4 ) and bladder tissues (P ϭ 3.1 ϫ 10 Ϫ4 ). There were no significant differences in the tissue spirochete burden between the heart and bladder tissues (P ϭ 0.34). The better protection in the joint and skin tissues was further demonstrated by a passive immunization study. Transferred antibodies more effectively reduced the tissue spirochete burden in the bladder and heart than the joints and skin ( Figure 1C) . The spirochete burden in the joint was 5.4 and 6.3 times higher than those of the heart (P ϭ 1.1 ϫ 10 Ϫ5 ) and bladder tissues (P ϭ 5.4 ϫ 10 Ϫ6 ), respectively. The bacterial burden in the skin tissue was 2.6 and 3.0 times higher than those of the heart (P ϭ 8.7 ϫ 10 Ϫ3 ) and bladder tissues (P ϭ 3.9 ϫ 10 Ϫ3 ). There was no significant difference in the tissue spirochetal burden between the heart and bladder tissues (P ϭ 0.57).
Better Protection Correlates with Higher Tissue Decorin Expression
It is well documented that some of the tissues with the highest decorin expression are the skin, cartilage, and tendon. 31, 32 To establish a correlation between decorin levels and Borrelia persistence, we analyzed relative decorin expression in the bladder, heart, joint, and skin tissues. Total RNA was isolated and converted to cDNA and quantified for actin and decorin mRNA copy numbers. Decorin transcription in the joint tissue was 163% and 68% higher than bladder (P ϭ 5.2 ϫ 10 Ϫ6 ) and heart tissues (P ϭ 5.7 ϫ 10 Ϫ4 ), respectively ( Figure 2 ). The expression levels in the skin were higher than those of all of the three tissues. These data are fully consistent with a large body of published evidence indicating high levels of decorin expression in the skin. 29 B. burgdorferi was more sensitive to immune clearance in both bladder and heart tissues than the joint and skin ( Figure 1 , B and C), and the decorin expression levels in these two former tissues were significantly lower, suggesting that better protection of B. burgdorferi against immune clearance may require a threshold level of decorin expression.
Decorin Is the Key Protective Niche Component
To demonstrate that decorin is the key component in establishing a protective niche, Dcn Ϫ/Ϫ mice were used to confirm this hypothesis. Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice were infected with cultured B. burgdorferi for 2 months and sacrificed after the anti-Borrelia immune response was fully developed. The bacterial burdens in the bladder, heart, joints, and skin were analyzed by qPCR. As shown in Figure 3 , significant differences in the spirochete burdens between Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice were noted only in the joints and skin (P ϭ 0.0006 and 0.004, respectively), the two tissues with the highest decorin expression but not in the bladder or heart tissues (P ϭ 0.78 and 0.80). The average spirochete burdens in the joints and skin of Dcn ϩ/ϩ mice were 7.8 and 2.9 times higher than those in the same tissues in Dcn Ϫ/Ϫ mice. In contrast, the spirochete burdens in all of the four tissues of Dcn Ϫ/Ϫ mice and in the bladder and heart tissues of Dcn ϩ/ϩ mice were similar (P ϭ 0.10 to 0.64). These data indicate that a decorin deficiency completely diminished the protective niche in the joint and skin tissues of Dcn Ϫ/Ϫ mice, further defining a key role for decorin in the formation of a Figure 1 . B. burgdorferi is better protected against immune clearance in the joints and skin than the bladder and heart. Twenty SCID and 10 wild-type mice were infected with cultured B. burgdorferi. Ten of the SCID mice (A) and all of the wild-type mice (B) were sacrificed 2 months later. The rest of the SCID mice (C) were passively immunized with anti-Borrelia sera. DNA samples were prepared from bladder, heart, joint, and skin tissues and quantified for flaB and actin DNA copy numbers by qPCR. The data are expressed as flaB DNA copy numbers per 10 6 actin DNA copies.
Figure 2.
Tissue differential decorin expression. RNA samples were prepared from the bladder, heart, joints, and skin of the wild-type mice that had been used to generate data for Figure 1B , converted to cDNA, and analyzed by qPCR for actin and decorin mRNA copy numbers. The data are expressed as decorin mRNA copy numbers per 10 3 actin mRNA copies.
protective niche against immune clearance of B. burgdorferi during chronic infection.
The Protective Niche Appears to Favor Spirochetes with Higher dbpA Expression
We next investigated whether decorin deficiency affected the gene expression of B. burgdorferi. dbpA mRNA transcripts were examined in the bladder, heart, joint, and skin tissues from both Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice at 2 months after infection, a time point when the immune response against the spirochete had fully developed. No significant differences in dbpA expression were found in the bladder (P ϭ 0.69), heart (P ϭ 0.61), or skin (P ϭ 0.69) between Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice ( Figure 4 ). However, higher levels of dbpA expression were observed in the joints of Dcn ϩ/ϩ mice compared to Dcn Ϫ/Ϫ mice (P ϭ 0.005). The dbpA expression level in the joint tissue of Dcn ϩ/ϩ mice was 68% higher than the same tissue in Dcn Ϫ/Ϫ mice ( Figure 4 ). This correlation between elevated dbpA expression in tissues containing elevated decorin expression eg, joints, indicated that a threshold level of decorin might be required to protect the spirochetes in this tissue, presumably against anti-Borrelia antibodies. Alternatively, the reduced dbpA expression observed in the joints of Dcn Ϫ/Ϫ mice could be a consequence related to the lack of interaction between DbpA and decorin because this interaction alone might influence dbpA expression. To rule out this possibility, dbpA expression was also examined in the joints of mice that had been infected just for 2 weeks. No significant differences in dbpA expression were noted between Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice (data not shown), indicating that the presence of decorin did not affect dbpA expression before the maturation of immune responses. Taken together, these data suggest that the interactions between the DbpAs and decorin may give an advantage to DbpAexpressing spirochetes by preventing immune-mediated clearance of B. burgdorferi from high decorin-expressing tissues during chronic infection.
The Protective Niche Is Not Apparent without a Matured Immune Response
After mammalian host infection, B. burgdorferi first replicates at the inoculation site and then rapidly disseminates and colonizes remote tissues. Infection also induces specific immune responses that effectively diminish tissue spirochete burdens. Our data demonstrated that deletion of decorin alone significantly reduced the spirochete burdens in chronically infected mice (Figure 3 ). This could be a function of impaired colonization by B. burgdorferi relating to the lack of host decorin and independent of immune pressure or the presence of decorin provided the bacteria with a protective niche against immune clearance, either by preventing Borrelia-specific antibodies from recognizing their targets or by making the bacteria unrecognizable to innate immune mechanisms. To distinguish between these two mechanisms of action, we examined tissue spirochete burdens before the anti-B. burgdorferi response was fully developed.
Thirty Dcn Ϫ/Ϫ and 30 Dcn ϩ/ϩ mice were infected with host-adapted spirochetes from Borrelia-infected donor mice. Half of the mice were sacrificed at 2 weeks after inoculation. The spirochete burdens in the bladder, heart, joints, and skin were quantified by qPCR and are presented in Figure 5A . No significant differences in the spirochete burdens between decorin-deficient and control mice were detected in the bladder (P ϭ 0.52), heart (P ϭ 0.45), joints (P ϭ 0.44), or skin (P ϭ 0.50). These data indicate that the influence of decorin deficiency on the spirochete burden is insignificant before the maturation of the anti-B. burgdorferi antibody response.
The remaining mice were allowed to fully develop an immune response against the spirochetes and sacrificed 2 months after infection. Quantification of spirochetes in various tissues confirmed the role of decorin in the protection of B. burgdorferi against immune clearance. The differences in the tissue spirochete burdens in the joints (P ϭ 0.003) and skin (P ϭ 0.02) between Dcn Ϫ/Ϫ and Dcn ϩ/ϩ mice were 4.3 and 3.1 times, respectively. In burgdorferi. Fifteen Dcn ϩ/ϩ (WT) and 15 Dcn Ϫ/Ϫ mice (deficient) were infected with cultured B. burgdorferi and sacrificed 2 months later. DNA samples were prepared from bladder, heart, joint, and skin tissues and quantified for flaB and actin DNA copy numbers by qPCR. The data are expressed as flaB DNA copy numbers per 10 6 actin DNA copies.
Figure 4.
Spirochetes with higher dbpA expression are better protected in the joints of wild-type mice. RNA samples were prepared from the bladder, heart, joints, and skin of the mice that had been used to generate data for Figure 3 , converted to cDNA, and analyzed by qPCR for flaB and dbpA mRNA copy numbers. The data are expressed as dbpA mRNA copy numbers per 10 contrast, bladder (P ϭ 0.48) and heart tissues (P ϭ 0.73) had similar spirochete numbers regardless of decorin genotype ( Figure 5B ), a result consistent with the data obtained from mice infected with cultured spirochetes (Figure 3 ).
The Protective Niche Appears to be Specific
The crucial role for decorin in the establishment of the protective niche could result from two mechanisms. First, decorin, which has been shown to play a role in collagen fibril formation and ECM integrity, could nonspecifically affect the transportation of immunoglobulin molecules into the tissues. Second, decorin may bind to DbpA in such a manner as to specifically interfere with the interactions of anti-Borrelia antibody. To test the hypothesis, we examined whether the protective niche could protect ospC-expressing spirochetes from clearance. SCID, Dcn Ϫ/Ϫ , and Dcn ϩ/ϩ mice were infected intradermally and sacrificed 2 months after infection. RNA samples were prepared from the bladder, heart, joint, and skin specimens, converted to cDNA and quantified for ospC and flaB mRNA copy numbers. In the absence of immune selection pressure, B. burgdorferi exhibited differential ospC expression in the four tissues ( Figure 6A) . B. burgdorferi more actively transcribed ospC in the heart and skin than the bladder and joints. The immune response elicited during the infection in both Dcn Ϫ/Ϫ and Dcn ϩ/ϩ mice effectively reduced ospC expression to similar levels (P ϭ 0.5 to 0.96) in all of the four tissues regardless of the fact that the joint and skin tissues of Dcn ϩ/ϩ mice showed higher levels of decorin expression ( Figure 6B) . Thus, the presence of decorin had no impact on survival of ospC-expressing spirochetes, suggesting that the protective niche may be specific for dbpA-expressing spirochetes.
Discussion
This study has clearly shown the role of decorin in the protection of B. burgdorferi against immune clearance. In infected SCID mice, the heart tissue showed the second lowest decorin expression but harbored the highest spirochete number of all four tissues, whereas the skin tissue most abundantly expressed decorin but had similar spirochete burdens as the bladder tissue that had the lowest decorin expression, indicating that decorin has no role in spirochete colonization in the tissue when the immune response is absent. The immune response generated in wild-type mice more effectively reduced the spirochete burdens in both the bladder and heart, the two tissues with the lowest decorin expression, compared to the joints and skin, the two tissues with the highest decorin expression. The importance of decorin in the establishment of the protective niche is confirmed by the data obtained from Dcn Ϫ/Ϫ mice. Targeted disruption of decorin completely abolished the protective niche of the joints and skin, resulting in similar spirochete burdens in all of the four tissues. In contrast, a decorin deficiency did not affect the tissue spirochete burdens before the immune response had been fully developed. Our study has further shown that the protection may be specific for dbpA-expressing spirochetes because immune pressure significantly reduced dbpA expression in the joints of infected Dcn Ϫ/Ϫ mice compared to wild-type mice but (WT) and 30 Dcn Ϫ/Ϫ mice (deficient) were infected with host-adapted B. burgdorferi. Half of them were sacrificed 2 weeks later (A) and the rest were euthanized 2 months after infection (B). DNA samples were prepared from the bladder, heart, joint, and skin tissues and examined for the tissue spirochetal burden by qPCR. The data are expressed as flaB DNA copy numbers per 10 6 actin DNA copies. RNA samples were prepared from the bladder, heart, joints, and skin of the SCID mice (A) that had been used to generate data for Figure 1A , and the wild-type and Dcn Ϫ/Ϫ mice (B) that had been used to generate data for Figure 5 , converted to cDNA, and analyzed by qPCR for flaB and ospC mRNA copy numbers. The data are expressed as dbpA mRNA copy numbers per 10 effectively eliminated ospC-expressing spirochetes in all of the tissues of both Dcn Ϫ/Ϫ and Dcn ϩ/ϩ mice. Thus, the protective capacity conferred by decorin is most likely because of specific interactions between host decorin and spirochetal DbpA.
B. burgdorferi infection of SCID mice results in constantly higher tissue spirochete burdens. There have been no reports indicating that innate immune components such as macrophages or neutrophils can directly kill spirochetes in vivo, suggesting that the high tissue spirochete burdens found in infected SCID mice may be a function of the spirochete but not the host immune system. Although nothing is known about how the tissue spirochete burdens are controlled in the absence of adaptive immune pressure, our study suggests that the decorin expression levels are not a contributing factor influencing the tissue spirochete burdens in chronically infected SCID mice as well as in acutely infected immunocompetent mice. The specific immune response showed the influence of the decorin expression level on the tissue spirochete burden. During chronic infection, the tissue spirochete burdens of Dcn ϩ/ϩ mice were differentially affected depending on the tissue decorin expression level, while all of the tissues had similar spirochete burdens in Dcn Ϫ/Ϫ mice. These data support the crucial role of decorin in the formation of the protective niche for B. burgdorferi to resist immune clearance.
Decorin, a pleotropic molecule that is involved in maintaining the structural integrity of the ECM may also affect the efficacy of antibodies, in this case to Borrelia, by affecting the ECM's integrity as a function of its expression levels in various tissues. 29 To rule out this possibility, we examined whether the protection conferred by decorin is specific for dbpA-expressing spirochetes. We measured the ospC expression levels as an indicator of the number of ospC-expressing spirochetes in tissues. The immune response effectively eliminated ospC-expressing spirochetes in all tissues of both in Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice. In contrast, the presence of decorin more effectively protected spirochetes with higher dbpA expression in the joint tissue of Dcn ϩ/ϩ mice compared to Dcn Ϫ/Ϫ mice. Thus, this selective protection is most likely because of the existence of interactions of DbpA with decorin and such interactions probably selectively reduce the efficacy of specific DbpA antibody. Unlike OspC, whose expression may not be required for in vivo spirochetal survival, DbpA may be a crucial antigen facilitating persistent B. burgdorferi infection. This may be the reason why dbpA expression levels were similar in the joints of Dcn Ϫ/Ϫ mice and the bladder, heart, and skin of both Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice. The DbpA levels found in these tissues may represent the minimum expression threshold required for spirochetal survival during chronic infection.
The repertoire of immune response to spirochetal antigens increases during B. burgdorferi infection and a significant bactericidal response can be detected as early as a week after infection. 33 OspC is one of the spirochetal antigens that can induce an early strong humoral response. 34, 35 Although OspC antibodies select against OspC-producing spirochetes, these antibodies only effectively reduce the spirochete burdens in the bladder and heart (Liang and Fikrig, unpublished data) . This is consistent with our observation that the spirochete burdens were lower in the bladder and heart than the joints and skin of both Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice during early infection of immunocompetent mice although the heart tissue contained the highest spirochete burden in infected SCID mice. The lower spirochete burden in the bladder and heart tissues most likely resulted from the early strong antiOspC immune response. In contrast, the anti-DbpA humoral response gradually develops within the first 2 months of infection. 36, 37 This may be a reason why significant differences in the tissue spirochete burdens of decorin-rich tissues could not be noted between Dcn ϩ/ϩ and Dcn and Dcn Ϫ/Ϫ mice. 27 The lower spirochete burden in the joints and skin of Dcn Ϫ/Ϫ mice compared to these of Dcn ϩ/ϩ mice appeared not to result from a stronger immune response developing in the decorin-deficient mice. To determine whether Dcn Ϫ/Ϫ mice generated a stronger immune response against B. burgdorferi, antisera prepared from Dcn ϩ/ϩ and Dcn Ϫ/Ϫ mice that had been infected with B. burgdorferi for 2 months were passively transferred to infected SCID mice. Tissue spirochete quantification showed that the antisera from Dcn ϩ/ϩ mice reduced the tissue spirochete burden of SCID mice as effectively as that of Dcn Ϫ/Ϫ mice (Liang and Fikrig, unpublished data).
Although the membranous architecture of B. burgdorferi is not clear, lipoproteins are believed to shield the outer membrane of the bacterium. 3 When major lipoproteins such as OspA, OspB, and OspC are expressed on cultured spirochetes, integral outer membrane proteins such as P66 and Bgp, and even other surface lipoproteins such as DbpA/B may be less accessible to their ligands. 38 The cultivation of B. burgdorferi in dialysis membrane chambers implanted into rat peritoneal cavities alters spirochetal protein expression profiles, including the down-regulation of OspA. 39 These changes indeed result in an enhanced binding in vitro to glycosaminoglycan and host cells. 40 B. burgdorferi undergoes a series of modifications, the majority of which occur on the bacterial surface, during its transmission between the tick vector and the mammalian host. For instance, ospA expression is down-regulated by 10 5 times after B. burgdorferi migrates from the tick vector to the murine host (Liang and Fikrig, unpublished data). Infection triggers a strong humoral immune response in particular to lipoprotein antigens. Immune pressure may select against spirochetes that express specific lipoproteins. 35, 41 A typical example of a 400-fold decrease in ospC expression levels is associated with the development of immune responses generated against this antigen during infection. The elimination of these lipoproteins from the spirochete surface would allow adhesion molecules more accessible to their ligands. The enhanced interactions between the adhesins and their ligands would give a survival advantage to these spirochetes during chronic infection.
DbpA is one of several known ligand-binding lipoproteins of B. burgdorferi. The deletion of its ligand decorin alone resulted in 7.8-and 2.9-fold reductions in the spirochetal burdens in the joint and skin tissues of chronically infected Dcn Ϫ/Ϫ mice compared to Dcn ϩ/ϩ mice. In contrast, decorin deficiency did not affect early infection. B. burgdorferi persistently expresses numbers of lipoproteins during chronic murine infection after immune responses against the pathogen have fully been developed. 41 Most of them have unknown functions. Some of these lipoproteins may have ligand-binding properties and thus participate in immune evasion. In addition to lipoproteins, integral outer membrane proteins of B. burgdorferi may also be involved in the process. For instance, integral outer membrane protein P66 has been shown to recognize host ␤ 3 -chain integrins in vitro. 20, 21 Although P66 is shielded by lipoproteins such as OspA and OspC on cultured spirochetes, it may become accessible to its ligand in a chronically infected host after some of the lipoproteins such as OspA and OspC are down-regulated as a function of either immune selection pressure or other factors. 35, [41] [42] [43] Therefore, binding to host components and coating itself with host antigens could be an extremely powerful immune evasion mechanism resulting in persistent Lyme borreliosis.
